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Abstract: 
Recently, nonlinear photocurrent such as normal shift photocurrent (NSC) and normal injection 
photocurrent (NIC) in time-reversal invariant noncentrosymmetric systems have attracted substantial 
interest. Here we propose two new types of second-order nonlinear direct photocurrents, magnetic shift 
photocurrent (MSC) and magnetic injection photocurrent (MIC), as the counterparts of NSC and NIC in 
time-reversal symmetry and inversion symmetry broken system. We show that MSC is mainly governed 
by shift vector and interband Berry curvature, and MIC is dominated by absorption strength and asymmetry 
of the group velocity difference at time-reversed ± k points. MSC and MIC can be induced by circularly 
and linearly polarized light in 𝒫𝒯-symmetric system with 𝒫 and 𝒯 being individually broken, respectively. 
Taking 𝒫𝒯-symmetric magnetic topological quantum material bilayer antiferromagnetic (AFM) MnBi2Te4 
as an example, we predict the presence of large MIC in the terahertz frequency regime which can be 
switched between two AFM states with time-reversed spin orderings upon magnetic transition. In addition, 
while NSC vanishes in 𝒫𝒯-symmetric system, external electric field breaks 𝒫𝒯 symmetry and enables 
large NSC response in bilayer AFM MnBi2Te4 which can be switched by external electric field. More 
importantly, due to the magnetic point group symmetry of bilayer AFM MnBi2Te4, MIC and NSC are 
perpendicular to each other upon linearly x/y-polarized light, hence can be distinguished. Furthermore, both 
MIC and NSC are highly tunable under varying electric field due to the field-induced large Rashba and 
Zeeman splitting, resulting in giant nonlinear photocurrent response down to a few THz regime, suggesting 
bilayer AFM-z MnBi2Te4 as a tunable platform with rich THz and magneto-optoelectronic applications. 
The present work reveals that nonlinear photocurrent responses governed by NSC, NIC, MSC, and MIC 
provide a powerful tool for deciphering magnetic structures and interactions which could be particularly 
fruitful for probing and understanding magnetic topological quantum materials.  
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Main 
Magnetic topological quantum materials have attracted a lot of interest as the interplay between magnetic 
ordering and topology may enable exotic topological quantum states. For example, antiferromagnetic 
topological insulator 1 can host topological axion states with nonzero quantized Chern-Simons 
magnetoelectric coupling 2 which was recently predicted by first-principles theory in the class of layered 
MnBi2Te4 materials 3-5. The nontrivial topological surface states have been experimentally verified in 
MnBi2Te4 6-8. While various experiments have been carried out to study their electronic structure and 
transport properties, optical probes, especially nonlinear optical spectroscopy, may provide a rich set of 
alternative tools to probe their topological nature and understand the inherent electronic structure in these 
exotic quantum materials.  
Nonlinear optical responses play a key role in understanding the symmetry, ordering, and topology. 
Materials with strong nonlinear responses are particularly valuable for ultrafast nonlinear optics 9 , efficient 
generation of entangled photon pairs 10,11, and phase-matching free nonlinear optics 12,13 using 2D materials. 
Recently, nonlinear photocurrent responses including normal shift current (NSC) 14-17, normal injection 
current (NIC) 17-19, and Berry curvature dipole induced current 20-22 have been observed in time-reversal 
invariant noncentrosymmetric systems. In particular, Berry curvature dipole induced photocurrent is closely 
coupled with ferroelectric orders, offering a unique approach to detect low-energy ferroelectric transition.  
This was recently theoretically proposed and experimentally verified in ferroelectric few-layer WTe2 
semimetal, opening avenues to the development of nonlinear quantum memory 22,23. Compared to few-layer 
WTe2, layered MnBi2Te4 is magnetic with tunable nontrivial topology, which may lead to magnetically and 
electrically controlled large nonlinear photocurrent responses. The effect of magnetic ordering and intrinsic 
topology on nonlinear responses in MnBi2Te4, however, has been largely underexplored.  
Here we propose two new types of second-order nonlinear current responses, namely magnetic injection 
current (MIC) and magnetic shift current (MSC), which are the counter part of the well-known NIC and 
NSC in time-reversal invariant noncentrosymmetric system. Microscopic theory and group theoretical 
analysis of nonlinear photocurrent, especially the two new MIC and MSC responses, are provided. Both 
MIC and MSC can be induced in 𝒫𝒯-symmetric systems with 𝒫 and 𝒯 being individually broken. We take 
magnetic topological quantum material bilayer antiferromagnetic (AFM) MnBi2Te4 as an example of 𝒫𝒯-
symmetric system, and predict that MIC can be switched in time-reversal breaking MnBi2Te4 upon 
magnetic transition, namely magnetically switchable nonlinear photocurrent. In addition, while 𝒫𝒯 
symmetry forbids the NSC response, vertical electric field can easily break the 𝒫𝒯 symmetry and enable 
large NSC in bilayer AFM MnBi2Te4. Both MIC and NSC are highly tunable under varying electric field 
due to the field-induced large Rashba and Zeeman splitting. Electric field induced bandgap reduction not 
only leads to topological phase transition of bilayer AFM MnBi2Te4 from zero-plateau quantum anomalous 
Hall insulator into high Chern number quantum anomalous Hall insulator (𝐶& = 3), but also results in giant 
nonlinear photocurrent response redshifted down to a few THz regime, suggesting MnBi2Te4 may serve as 
a promising platform for terahertz sensing and magneto-optoelectronic applications. More generally, the 
rich nonlinear photocurrent responses in time-reversal and inversion symmetry broken systems are 
inherently coupled with their crystal structure and magnetic symmetry, offering a promising route for 
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probing and understanding the intrinsic electronic structure and potentially topological physics in magnetic 
quantum materials. 
Microscopic theory of second-order nonlinear photocurrent 
The general second-order direct injection current (IC) and shift current (SC) under monochromatic electric 
field 𝐸*(𝑡) = 𝐸*.𝜔01𝑒3456 with 	𝜔0 = ±𝜔 in the clean limit are given by 14,17,24 9:;<=9> = −@ABℏD ∫[𝑑𝐤]∑ 𝑓L&ΔL&𝑟&L* 𝑟L&OL&𝝈 𝛿.𝜔&L − 𝜔01𝐸*.𝜔01𝐸O.−𝜔01, 𝐽STU = − 4@ABVℏD ∫[𝑑𝐤]∑ 𝑓&LL&𝝈 .𝑟L&* 𝑟&L;X=	O − 𝑟&LO 𝑟L&;X=	* 1𝛿.𝜔&L −𝜔01𝐸*.𝜔01𝐸O.−𝜔01, 
where 𝑎, 𝑏, 𝑐 are Cartesian indices, 𝑟L&;X=* = ]^_`a]X= − 𝑖𝑟L&* (𝒜LU −𝒜&U) is the gauge covariant derivative. 𝒓&L = 𝑖⟨𝑛|𝜕𝒌|𝑚⟩ and 𝓐& = 𝑖⟨𝑛|𝜕𝒌|𝑛⟩ are interband and intraband Berry connection, respectively. 𝑓L is 
the Fermi-Dirac distribution with 𝑓&L ≡ 𝑓& − 𝑓L, and  ℏΔL&U ≡ 𝑣LLU − 𝑣&&U  is the group velocity difference 
of band m and n. [𝑑𝐤] ≡ 9𝐤(V@)o for d dimension. Here 𝑒 = −|𝑒| carries a negative sign due to the negative 
charge of electron. We separate the product of the electric field amplitude into the symmetric real and 
antisymmetric imaginary parts,  𝐸*(𝜔)𝐸O(−𝜔) = 𝐸*(𝜔)𝐸O∗(𝜔) = Re.𝐸*𝐸O∗1 + 𝑖Im(𝐸*𝐸O∗), 𝐸*(−𝜔)𝐸O(𝜔) = 𝐸*∗(𝜔)𝐸O(𝜔) = Re.𝐸*𝐸O∗1 − 𝑖Im(𝐸*𝐸O∗). 
For linearly polarized light, 𝑬(𝜔) is real, while for left/right-circularly polarized light 𝑬(𝜔) is complex 
with Im	𝐸*(𝜔)𝐸O(−𝜔) = −Im	𝐸*(−𝜔)𝐸O(𝜔) ≠ 0. After symmetrization with ±𝜔, we have 9:;<=9> = −@ABℏD ∫[𝑑𝐤]∑ 𝑓L&ΔL&{𝑟&L* , 𝑟L&O }	𝛿(𝜔&L −𝜔)L&𝝈 	Re.𝐸*𝐸O∗1 −𝑖 @ABℏD ∫[𝑑𝐤]∑ 𝑓L&ΔL&U [𝑟&L* , 𝑟L&O ]	𝛿(𝜔&L − 𝜔)L&𝝈 	Im.𝐸*𝐸O∗1, 
where {𝑟&L* , 𝑟L&O } ≡ 𝑟&L* 𝑟L&O + 𝑟&LO 𝑟L&* , and [𝑟&L* , 𝑟L&O ] ≡ 𝑟&L* 𝑟L&O − 𝑟&LO 𝑟L&* . We then arrive at 9:;<=9> = 2𝜂}~TU*O 	Re.𝐸*𝐸O∗1 + 2𝑖𝜂~TU*O	Im.𝐸*𝐸O∗1, 
where 𝜂}~TU*O = − 	@ABVℏD ∫[𝑑𝐤]∑ 𝑓L&	ΔL&U {𝑟&L* , 𝑟L&O }	𝛿(𝜔&L − 𝜔)L&𝝈 , 𝜂~TU*O = − 	@ABVℏD ∫[𝑑𝐤]∑ 𝑓L&	ΔL&U [𝑟&L* , 𝑟L&O ]	𝛿(𝜔&L −𝜔)L&𝝈 . 𝜂~TU*O is the well-known NIC susceptibility, which vanishes under linearly polarized light. 𝜂}~TU*O  is a new 
term, MIC susceptibility, arising from our microscopic derivation, which recovers the same formula as 
Yan’s work 25. It’s clear that 𝜂}~TU*O = 0 under time-reversal symmetry.  
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Similarly, we can separate shift current into the well-known NSC and a new term, MSC which has not been 
reported before: 𝐽STU = 𝐽STU + 𝐽}STU = 2𝜎STU*O	Re.𝐸*𝐸O∗1 + 2𝑖𝜎}STU*O 	Im.𝐸*𝐸O∗1, 
where 𝜎STU*O = − 4@ABℏD ∫[𝑑𝐤]∑ 𝑓&L.𝑟L&* 𝑟&L;X=	O + 𝑟L&O 𝑟&L;X=	* 1	.𝛿(𝜔&L − 𝜔) + 𝛿(𝜔L& − 𝜔)1L&𝝈 , 𝜎}STU*O = − 4@ABℏD ∫[𝑑𝐤]∑ 𝑓&L.𝑟L&* 𝑟&L;X=	O − 𝑟L&O 𝑟&L;X=	* 1	.𝛿(𝜔&L − 𝜔) + 𝛿(𝜔L& − 𝜔)1L&𝝈 . 
Under time-reversal symmetry, the NSC and MSC susceptibilities can be rewritten in a compact form as 
follows, 𝜎STU*O = −@ABVℏD ∫[𝑑𝐤]∑ 𝑓&L𝑅L&U (𝐤){𝑟&L* , 𝑟L&O }𝛿(𝜔&L − 𝜔)L&𝝈 , 𝜎}STU*O = − @ABV4ℏD ∫[𝑑𝐤]∑ 𝑓&L𝑅L&U (𝐤)ΩL&U (𝐤)𝛿(𝜔&L −𝜔)L&𝝈 , 
where 𝑅L&U (𝐤) = −]_`(𝐤)]X= +𝒜LU (𝐤) − 𝒜&U(𝐤) is shift vector and 𝜙&L(𝐤)  is the phase factor of the 
interband Berry connection 𝑟&L* (𝐤) = 𝑟&L* (𝐤)𝑒4`_(𝐤) and ΩL&U = 𝑖ϵU*O𝑟L&* 𝑟&LO = 𝑖(rL&* r&LO −rL&O r&L* )  is the local Berry curvature between band m and n. The MSC is vanishing in time-reversal 
invariant system since Berry curvature ΩL&U  is an odd function and shift vector is even function with k 
under time-reversal symmetry. MSC can be induced by circularly polarized light in gyrotropic magnetic 
materials. However, bilayer MnBi2Te4 of the following study is non-gyrotropic, hence it has vanishing 
MSC. Moreover, we can extend the above nonlinear shift and injection current to nonlinear shift spin current 
and nonlinear injection spin current by substituting the current operator 𝑗U(a) = −𝑒𝑣U → V {𝑠*, 𝑣U}, where 𝑠* = 	ℏV 𝜎* is spin operator with Pauli matrices 𝜎*. The extended nonlinear photo-spin current responses 
provide an essential route for exploring spin physics in condensed matter, which is currently under 
exploration and out of the scope in the present work.  
 
Crystal structure and group theoretical analysis of magnetic topological quantum material bilayer 
MnBi2Te4 
Here we present the magnetic group theoretical analysis of bilayer AFM-z MnBi2Te4 (see Fig. 1a and 1c) 
with interlayer antiferromagnetic ordering of the Mn atoms aligned along the z direction. In general, the 
dichromatic group ℳ  can be constructed by ℳ = 𝒢(ℋ) = ℋ⊕ (𝒢 −ℋ)  where 𝒢  is the ordinary 
geometric point group, ℋ is the subgroup of 𝒢 of index 2, and 𝒯 is time-reversal operator. As a result, 
magnetic point group of bilayer AFM-z MnBi2Te4 is 3𝑚 = 𝐷9(𝐷) = {𝐸, 2𝐶, 3𝐶V , 𝑖𝒯, 2𝑆𝒯, 3𝜎9𝒯}. 
The character table of point group 𝐷9  is included in Table S1 in Supplementary Information. Without 
considering the ordering of spin, bilayer MnBi2Te4 is centrosymmetric and has no second-order nonlinear 
current responses. Taking into account the AFM-z structure, 𝒫𝒯  symmetry is preserved in bilayer 
MnBi2Te4 with individual 𝒫 and 𝒯 symmetry being broken. In addition, bilayer AFM-z MnBi2Te4 holds a 
two-fold rotation symmetry along x-axis 𝐶V = ℳℳ, and a combination of mirror symmetry and time-
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reversal symmetry ℳ𝒯, as shown in Fig. 1b.  The electronic bands shown in Fig. 1d are doubly degenerate, 
which is generally true for 𝒫𝒯 -symmetric system since 𝒫𝒯𝐸&,↑(𝒌) = 𝐸&,↓(𝒌) = 𝐸&,↑(𝒌) . Moreover, 
Figure 1e presents a contour plot of energy difference between the bottom conduction band and top valence 
band, which clearly shows the presence of three-fold rotation symmetry. As will be described below, all 
these symmetries play an important role in the nonlinear photocurrent responses. Bilayer MnBi2Te4 holds 
rich magnetic ordering, and the corresponding magnetic point group and symmetry operation of AFM-x, 
FM-x, and AFM-z structures are shown in Table 1.  More details of group theoretical analysis of different 
magnetic structures can be found in Supplementary Information.  
 
Fig 1. | Crystal structure and electronic structure of bilayer AFM-z MnBi2Te4. a, c. The side and top 
view of bilayer AFM-z MnBi2Te4. b. Selected magnetic symmetry elements in bilayer AFM-z MnBi2Te4 
with the corresponding point group of 3𝑚 in international notation or 𝐷9(𝐷) in Schoenflies notation. 
Two magnetic symmetry elements are illustrated in the plot, including two-fold rotation symmetry around 
x-axis 𝐶V = ℳℳ , and the combination of mirror symmetry and time-reversal symmetry ℳ𝒯 . d, 
Electronic band structure of bilayer AFM-z MnBi2Te4 near the Fermi level. e, Contour plot of the energy 
difference between bottom conduction band and top valence band.  
 
Magnetic ordering Symmetry operations Magnetic point group 
AFM-z 𝒫𝒯 ℳ𝒯 𝐶V = ℳℳ 3𝑚	or	𝐷9(𝐷) 
AFM-x 𝒫𝒯 ℳ 𝐶V𝒯 = ℳℳ𝒯 2/	𝑚	or	𝐶V(𝐶) 
FM-z 𝒫 ℳ𝒯 𝐶V𝒯 3𝑚	or	𝐷9(𝐶4) 
FM-x 𝒫 ℳ 𝐶V  2/𝑚 or 𝐶V  
Table 1. Selected symmetry operations and magnetic point group in bilayer MnBi2Te4 with different 
magnetic ordering 
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For systems holding magnetic point group 3𝑚 (such as bilayer and bulk AFM-z MnBi2Te4), both normal 
magnetoelectric coupling and topological axion coupling are symmetry allowed. The polar i-vectors, e.g., 
electric field 𝑬 or electric polarization 𝑷, are represented by AV¢(𝑧) and E¢(𝑥, 𝑦) in 𝐷9  group and they 
are time reversal symmetric but space inversion antisymmetric. AV§(𝑅) and E§(𝑅, 𝑅) represent axial i-
vectors which are symmetric under both time reversal and space inversion. The general transformation of 
polar/axial i-/c-tensors under space inversion 𝒫, time reversal operation 𝒯, and 𝒫𝒯 can be found in Table 
S2 in Supplementary Information. We can see the two types of vectors are incompatible in 𝐷9  group, e.g., AV¢⨂AV§ = A¢ does not contain total symmetric A§. The magnetic field 𝑩 or orbital magnetization 𝑴 
are axial c-vectors which are time reversal antisymmetric but space inversion symmetric. For magnetic 
point groups, we use Birss’s notation 26, where 	Γ is the total symmetric representation, ΓL is the one-
dimensional representation that corresponds to ℳ in which all elements of ℋ are represented by +1, and Γ¬ is the pseudovector representation in group 𝒢. We shall write the direct product representation ΓL⊗¬ =ΓL ⊗ Γ¬ for axial c-vector. For magnetic point group 𝐷9(𝐷), we have Γ = 𝐴§, ΓL = 𝐴¢, Γ¬ = 𝐴V§ +𝐸§.  Thus, ΓL⨂¬ = 𝐴V¢ + 𝐸¢ . Consequently,Γ𝑴 ⊗ Γ𝑬 = Γ𝑷 ⊗ Γ𝑩 = 2𝐴§ + 𝐴V§ + 3𝐸§,  which contains 2𝐴§. Hence, the linear magnetoelectric coupling of 3𝑚 structures has two independent nonvanishing 
components and corresponding orbital magnetoelectric polarizability. Now let’s see how c-type second-
order current response under linearly polarized light such as MIC is enabled in 𝐷9(𝐷) by considering the 
following direct product ΓL ⊗ Γ𝒋 ⊗ (Γ𝑬 ⊗ Γ𝑬) = 𝐴§ + 3𝐴V§ + 4𝐸§, indicating only one independent 
and nonvanishing susceptibility is allowed. For i-type second-order current response under linearly 
polarized light such as NSC, we have the direct product: Γ𝒋 ⊗ (Γ𝑬 ⊗ Γ𝑬) = (𝐴V¢ + 𝐸¢)⊗ .2𝐴§ +𝐸§1 = 𝐴¢ + 3𝐴V¢ + 4𝐸¢ . Hence, NSC is not symmetry allowed. In fact, NSC is immune to the time 
reversal symmetry and can be determined by nonmagnetic point group. As bilayer/bulk MnBi2Te4 holds 
nonmagnetic point group 𝐷9  with inversion symmetry, both NSC and NIC vanish. Similarly, c-type 
second-order current response under circularly polarized light such as MSC is forbidden in 𝐷9(𝐷) by 
considering the following direct product: ΓL ⊗ Γ𝒋 ⊗ Γ𝑬×𝑬∗ = 2𝐴¢ + 𝐴V¢ + 3𝐸¢ which does not contain 
total symmetric representation. The above magnetic group theoretical analysis can be extended to other 
higher order optical/photocurrent responses in magnetic materials.  
 
Magnetic injection current and normal shift current in magnetic topological quantum material 
bilayer MnBi2Te4 
Figure 2a and 2b present the electronic structure and MIC susceptibility 𝜂}~T  in bilayer MnBi2Te4 with 
magnetic ordering in AFM-z (↑↓) and time-reversed AFM-z (tAFM-z, ↓↑), respectively. The corresponding 
magnetic ordering is shown in Fig. 2a inset. The k-space distribution of 𝑓L&ΔL&U {𝑟&L* , 𝑟L&O }𝛿(𝜔&L −𝜔)	with a unit of Å at 𝜔 = 120 meV and 𝜔 = 600 meV are shown in Figure 2c and 2d for bilayer AFM-
z and in Fig. 2e and 2f for tAFM-z MnBi2Te4, respectively. This term arises from the large difference of the 
asymmetric group velocity ΔL&U  and the absorption strength {𝑟&L* , 𝑟L&O } at time-reversed ±𝒌 points, which 
eventually contributes to the large MIC in bilayer AFM-z and tAFM-z MnBi2Te4. The peak MIC 
conductivity is ∼ 2 × 10·	nm ⋅ A/(VV ⋅ s), two times the peak NIC in ferroelectric monolayer GeS 17. 
More importantly, it demonstrates that the MIC can be switched upon magnetic ordering transition between 
AFM-z (↑↓) and its time-reversed tAFM-z (tAFM, ↓↑) configurations. With additional three-fold rotation 
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symmetry, we have 𝜂}~T = −𝜂}~T = −𝜂}~T = −𝜂}~T . Moreover, the presence of ℳℳ symmetry leads 
to vanishing 𝜂}~T.  
 
Fig 2. | Magnetic injection current (MIC) in bilayer MnBi2Te4 with magnetic ordering in AFM-z (↑↓) 
and time-reversed AFM-z (tAFM, ↓↑). a, Band structure of bilayer AFM-z and tAFM-z MnBi2Te4 with 
spin-orbit coupling taken into account. b, Frequency-dependent magnetic injection current response of 
bilayer AFM-z and tAFM-z MnBi2Te4. c-f, Microscopic distribution of MIC 𝑓L&ΔL&U {𝑟&L* , 𝑟L&O }𝛿(𝜔&L −𝜔) between top valence band and bottom conduction band at different frequencies of 120 meV and 600 
meV in bilayer AFM-z and tAFM-z MnBi2Te4. It shows that MIC can be switched between two time-
reversed magnetic orders AFM-z (↑↓) and tAFM (↓↑).  
Bilayer MnBi2Te4 may have magnetic ordering different from the above AFM-z structure, consequently the 
corresponding nonlinear current responses such as NSC and MIC can be very different. For example, FM-
x and FM-z magnetic ordering under external magnetic field (i.e. ferromagnetic ordering with magnetization 
aligned along x/z direction) holds inversion symmetry, hence has vanishing even-order nonlinear optical 
and photocurrent responses including SHG, NSC, NIC, MSC, and MIC. For example, Figure S1 shows the 
band structure for the FM-z magnetic ordering where each band is symmetric with respect to ±k points with 
vanishing MIC. In addition, for bilayer MnBi2Te4 with AFM-x magnetic ordering, the corresponding 
magnetic point group becomes  2/𝑚 = 𝐶V(𝐶) = 𝐶⨁(𝐶V − 𝐶)𝒯 = {𝐸, 𝜎, 𝐶V𝒯, 𝑖𝒯}, different from 3𝑚  for bilayer MnBi2Te4 with AFM-z magnetic structure. Nonetheless, bilayer AFM-x MnBi2Te4 
preserves 𝒫𝒯-symmetry and allows for nonvanishing MIC response 𝜂}~T , 𝜂}~T and 𝜂}~T as shown in Fig. 
S2 in Supplementary Information. It is worth to point out that van der Waals layered MnBi2Te4 hosts rich 
topology with varying magnetic ordering. Probing MIC response can, therefore, help directly determine the 
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intrinsic magnetic structure and hence potential topology of magnetic topological quantum materials owing 
to the intimate coupling between magnetic symmetry and nonlinear photocurrent responses.  
 
 
Fig. 3. | Normal shift current (NSC) in bilayer MnBi2Te4 with magnetic ordering AFM-z (↑↓) under 
external electric field 𝑬𝒛 = 𝟏𝟎	𝐦𝐕/Å.  a, Band structure of bilayer AFM-z under external electric field 𝐸 = 10	mV/Å. b, Frequency-dependent NSC response of bilayer AFM-z MnBi2Te4 under external electric 
field 𝐸 = ±10	mV/Å . c-f, Microscopic distribution of NSC ∑ 𝑓&L.𝑟L&* 𝑟&L;X=	O +L&𝝈𝑟L&O 𝑟&L;X=	* 1 .𝛿(𝜔&L − 𝜔) + 𝛿(𝜔L& − 𝜔)1 at different frequencies in bilayer AFM-z external electric field 𝐸 = ±10	mV/Å . It demonstrates that NSC can be switched by applying electric field along +z/-z out-of-
plane directions. 
Although both bilayer AFM-z and tAFM-z MnBi2Te4 hold the large MIC response as shown above, their 
Berry curvature Ω&(𝒌) and shift vector 𝑅L&U (𝒌) are vanishing due to 𝒫𝒯Ω&(𝒌) = −Ω&(𝒌) = Ω&(𝒌) and 𝒫𝒯𝑅L&U (𝒌) = −𝑅L&U (𝒌) = 𝑅L&U (𝒌) . Hence, no NSC and Berry curvature related physics would be 
expected in 𝒫𝒯-symmetric system. In fact, one can take the wave functions to be real (due to the 𝒫𝒯 
transformation). Then the phase effect is absent and the shift vector and Berry curvature become zero in 𝒫𝒯-symmetric system. However, one can apply Berry curvature engineering via electric gating to break 
the 𝒫𝒯 symmetry symmetry in the pristine bilayer MnBi2Te4 28. Here we apply an external electric field 
along the out of plane direction to bilayer MnBi2Te4. Figure 3a and 3b show the calculated electronic 
structure and NSC in bilayer MnBi2Te4 under an external electric field 𝐸 = 10	mV/Å with magnetic 
ordering AFM-z (↑↓). Large Rashba and Zeeman spin splitting are indicated in Figure 3a which we will 
discuss soon.  The peak NSC conductivity is ∼ 1000	nm ⋅ 𝜇A/VV, which is 50 times larger than that in GeS 
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17. In addition, Figure 3c-3f present the microscopic distribution of NSC, ∑ 𝑓&L.𝑟L&* 𝑟&L;X=	O +L&𝝈𝑟L&O 𝑟&L;X=	* 1 .𝛿(𝜔&L − 𝜔) + 𝛿(𝜔L& − 𝜔)1, with a unit of Å/𝑒V at two frequencies (𝜔 = 60 meV and 𝜔 = 115 meV) in bilayer AFM-z with 𝐸 = ±10	mV/Å. From the symmetry transformation ℳℳ𝐸 =−𝐸 , we can see that the direction of NSC along y under linearly y-polarized light can be flipped by 
switching the electric field from +z to -z.  
Similar to the case of MIC, 𝜎ST = −𝜎ST = −𝜎ST = −𝜎ST under three-fold rotation symmetry, and 𝜎ST  vanishes due to ℳ𝒯 symmetry. It’s important to realize that upon linearly polarized incident light 
along x direction, the response of NSC in the electrically gated bilayer AFM-z and tAFM-z MnBi2Te4 is 
governed by 𝜎ST  with nonlinear photocurrent generated along y only. In contrast, under the same linearly 
x-polarized light, the response of MIC is dominated by 𝜂}~T  with nonlinear photocurrent generated along 
x only. Moreover, NSC does not switch in bilayer AFM-z (↑↓) and time-reversed AFM-z (tAFM, ↓↑) 
MnBi2Te4, indicating that NSC cannot be reversed under 𝒯  corresponding to its dissipative and non-
reciprocal nature 29. In addition, as aforementioned, NSC vanishes when electric field is absent, while MIC 
always exists regardless of electric field.  As shown in Figure 2 and Figure 3, both NSC and MIC in bilayer 
AFM-z MnBi2Te4 have strong responses at low energy regime (e.g. two strong NSC peaks at 60 meV and 
115 meV under  𝐸 = 10	mV/Å and two strong MIC peaks at 120 meV and 600 meV), making them 
particularly attractive for terahertz and infrared sensing.   
Both NSC and MIC are highly tunable under varying electric field. Figure 4a shows the electric field 
dependent band structure. The band gap decreases upon increasing vertical electric field until a critical field 
of 𝐸 = 25	mV/Å where it undergoes topological phase transition from zero-plateau quantum anomalous 
Hall insulator with Chern number 𝐶& = 0 to high Chern number quantum anomalous Hall insulator (𝐶& =3).  The nontrivial topology is evinced in the Berry curvature shown in Fig. 4b which is localized around 
the center of the Brillouin zone. The integration of Berry curvature yields a high Chern number of 𝐶& = 3.  
As aforementioned, electric field can introduce large Rashba and Zeeman splitting in bilayer AFM-z 
MnBi2Te4. In Fig. 4c and 4d we show the corresponding spin polarization at the energy of 0.6 eV with 
AFM-z and tAFM-z magnetic ordering under a vertical electric field of 𝐸 = 10	mV/Å, which confirms 
large spin splitting with three-fold rotation symmetry under finite electric field. Under the same electric 
field, spin polarization in AFM-z and tAFM-z are related by time reversal 𝒯 operation. However, for the 
same magnetic configuration AFM-z or tAFM-z, the spin polarization under electric field along +z and -z 
are related by 𝒫𝒯 operation (see Fig. S3 in Supplementary Information).  Electric field induced large spin 
splitting and distinct spin polarization suggest that bilayer AFM-z MnBi2Te4 could serve as a rich platform 
for developing electrically controlled spintronics.  
Electric field induced Rashba and Zeeman splitting reduces the electronic gap, thereby shifting the 
nonlinear photocurrent responses such as MIC and NSC to the THz regime. Figure 4e and 4f show field-
dependent NSC and MIC responses in bilayer AFM-z MnBi2Te4 under varying electric field. It clearly 
demonstrates that the strength of NSC response increases under increasing electric field until 𝐸 =23	mV/Å, and the MIC conductibility remains very large until 𝐸 = 23	mV/Å.  More importantly, the low-
energy peak of NSC and MIC response linearly decreases to ~25 meV upon increasing field up to 𝐸 =
 10 
23	mV/Å. It’s worth to point out that NSC will switch the sign upon the switching of electric field from +z 
to -z, however the sign of MIC will remain the same. This is another way to distinguish NSC and MIC. We 
would like to mention that the NSC and MIC calculated here is solely contributed by bulk response. 
Topologically protected edge states in QAHI will also contribute nonlinear current responses, which is 
outside the scope of this work and needs to be explored in future. 
 
 
Fig. 4. | Electric field dependent electric structure, topology, and photocurrent responses in bilayer 
AFM-z MnBi2Te4.  a, Electric field dependent band structure. b, Berry curvature at the critical vertical 
electric field of 𝐸 = 25	mV/Å where it undergoes topological phase transition from zero-plateau quantum 
anomalous Hall insulator with Chern number 𝐶& = 0 to high Chern number quantum anomalous Hall 
insulator (𝐶& = 3).  c, d, Spin polarization of bilayer MnBi2Te4 at energy of 0.6 eV with AFM-z and tAFM-
z magnetic ordering under a vertical electric field of 𝐸 = 10	mV/Å which enables large spin splitting.  e, 
Normal shift photocurrent (NSC) susceptibility, 𝜎ST , in bilayer AFM-z  MnBi2Te4 under varying external 
static vertical electric field 𝐸  and fundamental frequency 𝜔  . f, Magnetic injection current (MIC) 
susceptibility, 𝜂}~T , in bilayer AFM-z MnBi2Te4 under varying external static vertical electric field 𝐸 and 
fundamental frequency 𝜔.   
 
Discussion 
The distinct directional dependence and switching behavior of NSC and MIC under different electric field 
and magnetic ordering provide a fundamental basis to distinguish these two current responses in experiment. 
First, as shown above, under linearly polarized light, MIC can be generated in 𝒫𝒯-symmetric system such 
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as bilayer AFM-z MnBi2Te4. NSC, though absent in the 𝒫𝒯-symmetric system, can be enabled via electric 
gating. Moreover, for electrically gated bilayer AFM-z and tAFM-z MnBi2Te4 under linearly x-polarized 
light, NSC susceptibility tensor element 𝜎ST  contributes a giant nonlinear photocurrent along y only, while 
MIC susceptibility tensor element 𝜂}~T  contributes a large nonlinear photocurrent along x only. More 
importantly, nonlinear photocurrent from NSC can be switched by applying vertical electric field along +z/-
z direction, while nonlinear photocurrent from MIC can be reversed by inducing magnetic transition 
between AFM-z and tAFM-z. Furthermore, different magnetic orderings (e.g. AFM-z, AFM-x, FM-z, and 
FM-x) yield distinct magnetic point group, thus different directional dependence of nonlinear photocurrent. 
Such rich coupling between the magnetic ordering and nonlinear photocurrent responses presents itself a 
powerful tool for investigating magnetic symmetries, structures, and interactions in magnetically ordered 
crystals as well as imaging magnetic domain walls.   
Bilayer AFM-z MnBi2Te4 possesses giant MIC and NSC that are highly tunable under electric field with 
the first low-energy peak red-shifted down to 25 meV (i.e. ~6 THz), offering a promising platform for THz 
sensing of extreme nonlinear quantum phenomena.  In addition to MIC and NSC, MSC presents another 
interesting second order photocurrent response which vanishes in time-reversal invariant systems. MSC 
can be induced by circularly polarized light in gyrotropic magnetic materials. Bilayer MnBi2Te4 in the 
present study is however non-gyrotropic, hence MSC vanishes. MSC in gyrotropic magnetic materials is 
worth for a further exploration. The present work did not consider the third-order current response under 
static electric field. During the preparation of this manuscript, we noticed that another paper 30 by Fei et al. 
also proposed giant linearly polarized photogalvanic effect in MnBi2Te4 using a different approach which 
is equivalent to MIC. Nonlinear shift and injection current can be extended to nonlinear shift spin current 
and nonlinear injection spin current, yielding nonlinear photo-spin current response even in 
centrosymmetric systems. This will provide an essential route for exploring spin physics in condensed 
matter, which is currently under exploration and out of the scope in the present work. 
Conclusion 
The intimate coupling between intrinsic magnetic point group and nonlinear optical/photocurrent responses 
makes nonlinear spectroscopy and imaging a powerful tool for investigating magnetic symmetries, 
structures and interactions in magnetically ordered crystals. In particular, we proposed two new types of 
second-order nonlinear direct photocurrents, MSC and MIC, as the counterparts of NSC and NIC in time-
reversal symmetry and inversion symmetry broken system. Taking magnetic topological quantum material 
in MnBi2Te4 as an example, we predicted that 𝒫𝒯 -symmetric bilayer MnBi2Te4 possesses giant, 
magnetically switchable MIC in the THz regime. Although NSC vanishes in 𝒫𝒯 symmetric system, electric 
field breaks the 𝒫𝒯-symmetry in bilayer AFM-z MnBi2Te4, and enables large NSC response at the IR 
regime. More importantly, NSC can be switched by vertical electric field and MIC be switched upon 
magnetic transition, however NSC (MIC) will not be switched by magnetic transition (electric field). Due 
to the magnetic group symmetry of bilayer AFM-z MnBi2Te4, MIC and NSC yield photocurrent that are 
perpendicular to each other upon linearly x/y-polarized light, hence can be distinguished. Very excitingly, 
electric gating can efficiently tune the large nonlinear photocurrent response down to 6 THz, suggesting 
bilayer AFM-z MnBi2Te4 as an exciting platform for THz and magneto-optoelectronic applications as well 
as 2D spintronics that are electrically and magnetically tunable. The present work reveals that nonlinear 
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photocurrent responses governed by NSC, NIC, MSC, and MIC provide a powerful spectroscopic/imaging 
tool for the investigation of magnetic structures and interactions which could be particularly fruitful for 
probing and understanding magnetic topological quantum materials.  
 
Methods 
Ground state crystal and electronic structure.  Ground-state crystal structures of MnBi2Te4 were 
calculated using first-principles density-functional theory 31,32 implemented in the Vienna Ab initio 
Simulation Package (VASP) 33,34 with the projector-augmented wave method 35 and a plane-wave basis with 
an energy cutoff of 400 eV. We employed the generalized-gradient approximation of exchange-correlation 
energy functional in the Perdew-Burke-Ernzerhof 36 form. A Hubbard U correction with U= 4 eV was 
applied to Mn atoms to reduce the self-interaction error present in DFT-PBE. We further adopted a 
Monkhorst-Pack k-point sampling of 11×11×1 for the Brillouin zone integration and DFT-D3 functional 37 
to account for weak interlayer dispersion interactions. The convergence criteria for maximal residual force 
was set to 0.005 eV/Å, and the convergence criteria for electronic relaxation was set to 10−6 eV.  
First-principles calculations of nonlinear photocurrent. With the fully relaxed ground-state crystal 
structure, we constructed quasiatomic spinor Wannier functions and tight-binding Hamiltonian from Kohn-
Sham wavefunctions and eigenvalues under the maximal similarity measure with respect to pseudoatomic 
orbitals 38,39. Spin-orbit coupling was taken into account. Total 120 quasiatomic spinor Wannier functions 
were obtained from the projections onto Mn’s s and d pseudo-atomic orbitals, Te’s s and p pseudo-atomic 
orbitals, and Bi’s s and p pseudo-atomic orbitals for bilayer MnBi2Te4. Using the developed tight-binding 
Hamiltonian, we then computed MIC and NSC susceptibility tensor using a modified WANNIER90 code 
40. A small imaginary smearing factor 𝜂 of 5 meV was applied to fundamental frequency. A k-point grid of 
1000×1000×1 was adopted, which is dense enough to the convergence as shown in Fig. S4. 
Data availability 
The data that support the plots within this paper and other findings of this study are available from the 
corresponding author upon reasonable request. 
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